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Abstract

OBJECTIVES: We assessed the prognostic value of the preoperative magnetization transfer ratio
(MTR) and morphometrics of the spinal cord in patients with degenerative cervical myelopathy
(DCM) in a longitudinal cohort study.

METHODS: Thirteen subjects with DCM underwent 3T magnetization transfer imaging. The
MTR was calculated for the spinal cord regions and specific white matter tracts. Morphometric
measures were extracted. Clinical (modified Japanese Orthopaedics Association [mJOA] and
Nurick scale scores) and health-related quality of life scores were assessed before and after
cervical decompression surgery. The association between the magnetic resonance imaging (MRI)
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metrics and postoperative recovery was assessed (Spearman’s correlation). Receiver operating
characteristics were used to assess the accuracy of MRI metrics in identifying =50% recovery in
function.

RESULTS: Preoperative anterior cord MTRs were associated with recovery in mJOA scores (p =
0.608; £=10.036; area under the curve [AUC], 0.66). Preoperative lateral cord MTR correlated
with the neck disability index (p = 0.699; 2= 0.011) and pain interference scale (p = 0.732; P=
0.007). Preoperative rubrospinal tract MTR was associated with mJOA score recovery (p = 0.573;
P=0.041; AUC, 0.86). Preoperative corticospinal tract and reticulospinal MTRs were related to
recovery in pain interference scores (p = 0.591; £=0.033; and p = 0.583; P=0.035, respectively).
Eccentricity of the cord was associated with Nurick scores (p = 0.606; 2= 0.028) and mJOA
scores (p = 0.651; £=0.025; AUC, 0.92).

CONCLUSIONS: Preoperative MTR and eccentricity measurements of the spinal cord have
prognostic value in assessing the response to surgery and recovery in patients with DCM.
Advanced MRI and atlas-based postprocessing techniques can inform interventions and advance
the healthcare received by patients with DCM.
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INTRODUCTION

Degenerative cervical myelopathy (DCM) is the most common cause of chronic spinal cord
injury.1:2 Common impairments include reductions of proprioception, motor weakness, and
gait imbalances.3 In patients presenting with moderate to severe symptoms, early
decompression surgery has been shown to be beneficial.>~" However, decisions regarding the
care of patients with mild to moderate symptoms are complex and challenging, being largely
dependent on radiological characteristics, the clinical presentation, practitioner experience,
and patient preference.8 Studies comparing the efficacy of surgical versus conservative
management have demonstrated clinical equipoise regarding the functional outcomes.9-12
Furthermore, patients treated surgically have shown variable and limited neurological
functional recovery,1314 with 4 of 10 patients reporting <50% improvement in 1 study.®
This variability in outcome has underscored the need to refine surgical decision-making.

Previous studies have assessed the utility of clinical, imaging, and neurophysiological
features in predicting the surgical outcomes for patients with DCM. Advanced age,8
symptom severity, and a longer symptom duration have been the most common preoperative
factors associated with negative outcomes.® Magnetic resonance imaging (MRI)-based
factors, including T1-weighted hypointensity, T2-weighted hyperintensity, and
morphological parameters, might have a role in predicting outcomes.1’-19 Although these
factors can cumulatively serve as guidelines to inform postoperative functional
improvement, accurate prognostic markers are lacking. Advances in MRI acquisition and
postprocessing software have enabled quantification of demyelination and volumetric
changes in regions of the spinal cord.20-21 Patients with DCM revealed significant myelin
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loss?2 and decreased white and gray matter volumes compared with healthy counterparts.
23.24 pdditionally, these MRI parameters have been associated with clinical disability.22-24
Although these reports associated the radiographic findings with symptoms, they did not
show how these markers are associated with the response to surgical intervention.

In the present study, we used magnetization transfer (MT) imaging to assess whether the
preoperative MRI metrics are associated with the postoperative outcomes in patients with
DCM. We hypothesized that the MRI markers used to quantify demyelination of the spinal
cord regions and white matter tracts will demonstrate prognostic value for functional
recovery at 6 months after decompression surgery.

METHODS

Participants

Clinical and

A total of 22 subjects (13 patients and 9 healthy controls) were recruited. All participants
with DCM were recruited from a single academic spine practice of 5 board-certified
neurosurgeons. Participants were included if they had reported the characteristic signs of
cervical myelopathy, including upper extremity weakness, sensory loss, a lack of hand and
leg coordination, and gait instability, combined with spinal imaging indicating cervical
spinal cord compression. These participants have also been studied uniquely and separately.
25 Those with major neurodegenerative diseases such as Alzheimer disease or multiple
sclerosis (MS), spinal tumors or trauma, tremor, diabetes, systemic rheumatologic disease,
peripheral or vascular neuropathy, and/or a history of spinal surgery were excluded. The
healthy controls were also screened for current spinal conditions, neck pain, or other
neurological deficits. All the participants provided written informed consent. The
institutional review board approved the present study.

Health-Related Quality of Life Scores

All subjects completed the modified Japanese Orthopaedic Association (mJOA) and the
Nurick scale, neck and arm numerical rating scale (NRS), neck disability index (NDI), pain
interference scale (Pain-6a), and the 36-item short-form health survey (SF-36), including the
physical (SF-36P) and mental component scales (health and well-being survey). The mJOA
questionnaire is a widely used scale used to assess upper and lower extremity sensorimotor
function and sphincter dysfunction.26 The Nurick scale is used to assess ambulatory status.2”
The NRS is used to quantify pain and discomfort on a scale of 0-10 (0, no discomfort/pain;
10, extreme discomfort/pain).28 The SF-36 is a questionnaire widely used to assess
limitations in physical activity and bodily pain due to health problems.2® Participants also
completed these questionnaires at their 6-month follow-up examination. The recovery rate
was defined as (preoperative minus postoperative)/(normal minus preoperative) x 100 and
was calculated for each variable.30

MRI Assessment

All imaging data were collected using a 3.0-Tesla Siemens Prisma MRI scanner (Siemens,
Erlangen, Germany) equipped with a 64-channel head/neck coil. The participants were
placed supine on the scanner bed, and a localizer scan was obtained to identify the location
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of the intervertebral discs of the cervical spine. Six transverse scans were acquired at each
intervertebral disc using a multi-echo T2*-weighted gradient-echo sequence (repetition time,
300 ms; echo time, 18 ms; flip angle, 30°; field of view, 180 x 180; matrix size, 384 x 384;
inplane resolution, 0.47 x 0.47 mm?; slice thickness, 6 mm; and number of averages, 2) with
(MTC1) and without (MTCO) an MT pulse.31

Image processing and analysis were performed using the Spinal Cord Toolbox, version 3.0
(open source software).21 For each slice, the spinal cord was first manually segmented. The
MTC1 image was registered with the corresponding MTCO image. The gray and white
matter were segmented from the spinal cord using the MTCO image and a multiatlas method,
which registers a template white and gray matter segmentation to the image. Next, the
PAMS0 template was registered to the MTCO image at each slice using the subject’s native
space as the registration destination and the spinal cord mask to initialize the registration.32
MT images were then generated using the coregistered images and the following equation:
MTR =100 x (MTCO — MTC1)/MTCO0). MT ratio (MTR) metrics were extracted from the
anterior, left and right lateral, and posterior white matter regions of the spinal cord (Figure 1)
using the maximum a posteriori approach.33 The MTRs for the ventral corticospinal tract,
ventral reticulospinal tract, medial reticulospinal tract, lateral corticospinal tract, rubrospinal
tract, lateral reticulospinal tract, and ventrolateral reticulospinal tract were extracted.

The shape descriptor parameters of eccentricity of the spinal cord were extracted. A board-
certified radiologist, not associated with the patient’s clinical care, assessed the compression
grades at each level of the cervical spine. The region of compression was defined as 3 levels:
the level of maximum compression and 1 level above and below that level. The mean
eccentricity across all levels and at the region of compression was calculated. This method is
consistent with previous work that assessed demyelination (changes in MTR values) in
patients with DCM.22

Statistical Analysis

RESULTS

We performed 2-sample t tests to assess the significant differences between the subject
groups. The mean values tstandard deviation are reported. Spearman’s correlations were
computed to assess the associations between the radiographic parameters (MTRs) and
postoperative recovery rate in patients. Receiver operating characteristic curves were
conducted to assess the accuracy of the MTR metrics and morphometric parameters in
identifying participants with =50% of recovery in symptoms after surgery. All statistical
analyses were performed using SPSS software, version 24 (IBM Corp., Armonk, New York,
USA). Statistical significance was set at P < 0.05.

Participant Characteristics (Demographic, Radiographic, and Clinical and Health-Related
Quality of Life Scores)

The patient cohort included 13 subjects (4 women and 9 men) and the control group
included 9 subjects (6 women and 3 men). The mean age of the patient and control group
was 55.9 + 14.0 years and 53.2 + 7.2 years, respectively (P = 0.602). The patients had lower
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mJOA scores than those of the control group (14.5 + 2.0; range, 12-17; and 18.0 + 0,
respectively; P < 0.001). The patients had higher Nurick scores than those of the controls
(1.85 + 0.90; range, 1-4; and 0 £ 0, respectively; P < 0.001). The patients also had greater
neck discomfort (4.1 £ 2.3 vs. 0.44 + 0.73; P < 0.001) and arm discomfort (3.54 + 2.84 vs.
0.22 £ 0.44; P =0.003). The NDI (13.54 + 7.53 vs. 2.11 + 2.75; P < 0.001) and Pain-6a
scores (57.68 + 8.10 vs. 43.14 + 6.13; P < 0.001) were also higher and the SF-36P scores
were lower (38.91 + 14.96 vs. 56.25 + 6.17; P = 0.004) compared with those of the controls.
Seven patients had maximum compression at C5-C6, 3 patients at C6-C7, 2 patients at C3-
C4, and 1 patient at C4-C5.

The patients had experienced significant improvement in their function at 6 months after
decompression surgery. The Nurick score had decreased (0.85 + 0.89 vs. 1.85 £ 0.89; P =
0.001) and the mJOA score had increased (16.10 + 1.89 vs. 14.50 + 1.98; P = 0.007) after
surgery (Figure 2). The patients reported less neck discomfort (1.46 £ 1.71 vs. 4.10 £ 2.25; P
=0.07), less arm discomfort (2.15 + 2.73 vs. 3.54 + 2.85; P = 0.220), lower NDI scores
(6.77 £5.76 vs. 13.54 £ 7.53; P = 0.002), lower Pain-6a scores (50.56 + 7.18 vs. 57.68
8.10; P = 0.010), and higher SF-36P scores (50.12 + 8.74 vs. 38.9 + 14.96; P = 0.027).

Associations with Spinal Cord Regions

Several spinal cord regions had significant associations with the rate of recovery as assessed
by the clinical and health-related quality of life scores. A positive improvement in the mJOA
score was associated with the anterior cord MTR (p = 0.608; P = 0.036; Figure 3A). A
higher anterior cord MTR also correlated positively with changes in the reported Pain-6a
scores (p = 0.754; P = 0.005) and NDI (p = 0.545; P = 0.067; Figure 3B). The anterior cord
MTR was also accurate in distinguishing patients with DCM who had experienced >50%
recovery in their mJOA score (area under the receiver operating characteristic curve [AUC],
0.66), Pain-6a score (AUC, 0.97), and NDI (AUC, 0.84). The lateral cord regions were also
associated with functional recovery. The right lateral cord was associated with the neck NRS
(p = 0.582; P = 0.047), the right and left lateral cord ascending pathways were related to the
NDI (p = 0.699; P = 0.011) and Pain-6a (p = 0.732; P = 0.007; Figure 4). Similarly, the
lateral cord MTR was highly accurate in classifying 50% recovery in the NDI (AUC, 0.90),
neck NRS score (AUC, 0.78), and Pain-6a score (AUC, 0.80).

Associations with White Matter Tracts

Secondarily, we analyzed the specific MTRs for the white matter tracts in relation to the
functional recovery rates. Several white matter tracts (i.e., corticospinal, spinocerebellar, and
rubrospinal tracts) showed significant associations with the postoperative changes in the
clinical and health-related quality of life scores. An improvement in the mJOA scores was
associated with the preoperative mean rubrospinal MTR (p = 0.573; P = 0.041; Figure 5A)
across all levels and at the region of compression (p = 0.554; P = 0.050) and the
spinocerebellar tract MTR (across the entire cervical spinal cord, p = 0.662; P = 0.014;
across the compression region, p = 0.576; P = 0.039). The MTRs for the rubrospinal and
spinocerebellar tracts were 86% and 88% accurate in correctly identifying patients with
>50% recovery in their mJOA scores after surgery. Similarly, recovery in the Nurick score
was significantly associated with the spinocerebellar tract MTR (p = 0.626; P = 0.022). The

World Neurosurg. Author manuscript; available in PMC 2021 July 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paliwal et al.

Page 6

spinocerebellar and rubrospinal tract MTRs were both highly likely to correctly bifurcate
participants with and without <50% recovery in their postoperative Nurick scores (AUC,
0.85 and 0.80, respectively). An improvement in neck discomfort (i.e., arm NRS score) was
significantly related to the spinocerebellar tract MTR (p = 0.565; P = 0.044; AUC for =50%
recovery, 0.69). Likewise, a postoperative change in the Pain-6a score correlated with a
mean corticospinal and reticulospinal tract MTR (p = 0.591; P = 0.033; and p = 0.583; P =
0.035; Figure 5B). The corresponding AUC for =50% recovery in the Pain-6a score was 0.76
and 0.73.

Associations with Morphological Parameters

Preoperative eccentricity (shape distortion) of the spinal cord was associated with a
postoperative recovery in the Nurick score (p = 0.606; P = 0.028) and mJOA score (p =
0.651; P = 0.025; Figure 6A). Eccentricity of the spinal cord was 92% accurate in
identifying =50% recovery in the postoperative mJOA scores (Figure 6B).

DISCUSSION

In the present study, we found that patients with a higher preoperative MTR experienced
greater improvement in clinical myelopathy and quality of life and might represent a cohort
of patients who would benefit from early surgical intervention. The MTR provides a
measure of myelin integrity,34 and its use has been validated in demyelinating pathologies
such as MS and Alzheimer disease.3538 Evidence is emerging for its use in other common
conditions such as whiplash injury.37:38 In patients with MS, decreases in MTR are related
to clinical disability3940 and occur before the appearance of lesions on conventional MRI
scans. As such, the MTR can be useful in predicting the age of such lesions.#1-43 Numerous
studies have reported the clinical use of MTR as a well-accepted diagnostic and therapeutic
marker in MS; however, literature on the utility of MTR for spinal diseases such as DCM is
sparse.

Regional MTRs are associated with the functions of the spinal cord. In patients with chronic
spinal cord injury, the ventrolateral region MTR explained motor disability, and posterior
cord MTR was related to sensory disability measured using the American Spinal Injury
Association scale.34 Similarly, Zackowski et al.*4 showed that in patients with MS, column-
specific spinal MT imaging is related to sensorimotor deficits and functional measures of
walking and balance. Patients with DCM present with increased reflexes, decreases in
proprioception, imbalance, and gait difficulties, suggesting the potential for some
pathophysiological overlap. Previous work has demonstrated that patients with DCM have
lower anterior cord MTRs, which were associated with greater disability.22 In the present
study, we found that the preoperative anterior cord MTR is significantly related to the
recovery in symptoms of myelopathy after intervention. The lateral cord MTR was
associated with recovery in arm and neck disability and pain. These findings suggest that
intervening before the occurrence of any significant demyelination might be crucial for the
resolution of symptoms and functional recovery. Additionally, regional MTR analysis might
be useful in understanding the variance in specific sensorimotor deficits in patients with
equivalent clinical scores and their response to surgery.
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Our findings are consistent with the current literature. Hopkins et al.23 showed that white
matter tract volumes are significantly lower in patients with DCM. The corticospinal tracts
contribute to skilled motor control, and patients exhibit sprouting and reorganization of
corticospinal tract axons after spinal cord injury, likely to facilitate functional recovery.4>
The reticulospinal tract is a major descending pathway essential for postural control and can
assist in motor activity after corticospinal lesions. Baker and Perez#6 have shown that
reticulospinal tract neurons contribute to gross hand function in patients after spinal cord
injury. We found that greater preoperative myelin loss or inflammation of the descending
pathways is detrimental to improvement in physical function, pain and discomfort,
ambulation, and the reduction in reflexes after surgery. It can be hypothesized that patients
with DCM use similar mechanisms to regain function after surgery; thus, preserved
preoperative tract neurons promote reorganization in these tracts. However, further
electrophysiological investigation is needed to understand the underlying roles of intact
neural tracts and axonal myelination in the mechanism of recovery in patients with DCM.
Additionally, studies on the function and organization of the rubrospinal tract after spinal
cord injury in humans are scarce. The findings from animal studies in primates have
suggested that rubrospinal tracts play a role in the control of motor function in upper
extremities in humans.*” Several animal studies have reported regeneration of rubrospinal
tracts and their contribution to skilled hand movements and locomotion.#*8-%0 A reduced
rubrospinal tract volume has been demonstrated in patients with DCM.23 We also observed
that lower preoperative rubrospinal damage is related to greater improvement in function
after surgery. The exact function of this tract in humans and its role in DCM symptoms and
recovery are under investigated and require further research.

Although factors such as T2-weighted signal intensity, combined T1-and T2-weighted signal
changes, and maximum canal compromise are linked to poor outcomes, it has been
recommended that surgeons consider these collectively when estimating the risks of poor
neurological recovery.51-53 |n the present study, we have demonstrated that the
morphological parameter of eccentricity is related to postoperative functional recovery.
Thus, patients with greater structural distortion of the spinal cord are likely to benefit more
from decompression surgery. The results have shown that although MRI is widely used in
diagnostics in DCM, it might also prognostic utility.

The findings have primarily demonstrated that advanced MRI techniques and atlas-based
spinal cord mapping can provide important prognostic markers that could inform surgical
decision-making and enhance treatment efficacy for patients with DCM. MTR analysis can
assist clinicians in (1) identifying which patients are more likely to benefit the most from
surgery, (2) informing decisions about the treatment of patients with asymptomatic stenosis,
and (3) counseling patients accordingly. The prescription of operative versus nonoperative
treatment, especially in cases of mild to moderate DCM is often challenging. Our results
suggest that the timing the surgery before any significant demyelination or inflammation in
spinal white matter can potentially maximize clinical outcomes and recovery. Based on these
findings, an early intervention to halt spinal cord neuronal destruction is recommended to
combat the progressive nature of the disease.
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One of the limitations of the present study was that partial volume averaging at the
boundaries during image acquisition and probability mapping could have been present,
which might have affected the extracted volumes, especially of the small tracts. Second,
continued improvements in function might occur after 6 months. Therefore, analysis of
longitudinal data from 1- and 2-year follow-up evaluations could provide for a more
comprehensive predictive model. Third, the small sample size in the present study limited
further analysis. Although the present study only used linear correlation, the next steps could
focus on development of multivariate regression models and machine learning algorithms to
accurately predict surgical outcomes. Finally, although their associations are varied, studies
have shown that the baseline clinical, demographic, spinal alignment, and conduction
characteristics correlate with postoperative recovery.54-58 The inclusion of these metrics
with MRI-derived metrics could generate better and more reliable prognostic models.

CONCLUSIONS

Higher preoperative spinal cord MTRs demonstrated a preliminary prognostic value of better
postoperative outcomes for patients. Advanced MRI and evolving atlas-based techniques can
be clinically useful, inform interventions, and complement the healthcare received by
patients with various levels of DCM.
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Abbreviations and Acronyms

AUC Area under the receiver operating characteristic curve
DCM Degenerative cervical myelopathy

mJOA Modified Japanese Orthopaedic Association scale
MRI Magnetic resonance imaging

MS Multiple sclerosis

MT Magnetization transfer

MTR Magnetization transfer ratio

NDI Neck disability index

NRS Numerical rating scale

Pain-6a Pain interference scale

World Neurosurg. Author manuscript; available in PMC 2021 July 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paliwal et al. Page 9
SF-36 36-Item short-form health survey
SF-36P 36-Item short-form health survey physical component score
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MTCO MTC1 MTR Region Masks

Figurel.
[llustration of magnetization transfer (MT) imaging: (A) without the MT pulse (MTCO), (B)

with the MT pulse (MTC1), (C) MT Ratio (MTR), (D) region masks over the spinal cord,
anterior cord (green), posterior cord (b/ue), and lateral cord (red).
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Figure?2.
Functional recovery in patients with degenerative cervical myelopathy at 6 months after

surgery: (A) Nurick score and (B) modified Japanese Orthopaedic Association (mJOA)
score. Data reported as mean * standard error.
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Figure 3.

Association between anterior cord magnetization transfer ratio (MTR) and functional
recovery rates: (A) modified Japanese Orthopaedic Association (mJOA) score and (B) pain
interference scale (Pain-6a) score. Spearman’s p is reported.
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Figure 4.
Association between lateral cord magnetization transfer ratio (MTR) and functional recovery

rates: (A) pain interference scale (Pain-6a) score and (B) neck disability index (NDI).
Spearman’s p is reported.
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Association between white matter tract magnetization transfer ratio (MTR) and functional

recovery rates: (A) rubrospinal MTR related to modified Japanese Orthopaedic Association
(mJOA) score and (B) corticospinal MTR related to pain interference scale (Pain-6a) score.
Spearman’s p is reported.
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Figure6.
Association between cord eccentricity and functional recovery rate. (A) Eccentricity related

to modified Japanese Orthopaedic Association (mJOA) score. Spearman’s p is reported. (B)
Receiver operating characteristic (ROC) curve denoting accuracy of eccentricity in
identifying 250% mJOA recovery. Area under the curve is reported.
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